Monoenergetic x-ray diffraction (XRD) analysis is an established standard for the assessment of urinary stone composition. The inherent low energy of x-rays used (8 keV), however, restricts penetration depth and imposes a requirement for small powdered samples. A technique capable of producing detailed information regarding component structural arrangements in calculi non-destructively would provide clearer insights into causes of formation and subsequent growth and allow the selection of more appropriate courses of therapy. We describe a new method based on the detection of coherent scatter (CS) in stone components using polyenergetic x-rays (70 kVp) from diagnostic equipment. While the higher energy allows the analysis of intact calculi, the polyenergetic source causes an angular broadening of measured CS patterns. We show that it is possible to relate the polyenergetic (CS) and monoenergetic (XRD) measurements through a superposition integral of the monoenergetic XRD cross-section with a function representative of the polyenergetic spectrum used in CS. Experimentally acquired diffractometry cross-sections of the seven major urinary stone components were subjected to this operation, revealing good agreement of diffraction features with CS. Therefore, our CS analysis is sensitive to stone component structure, similar to conventional XRD analysis. This indicates that CS analysis can be used as a basis to classify urinary calculi by composition. The potential of identifying stone components nondestructively was demonstrated from a tomographic CS analysis of a stonemimicking phantom. Tomographic composition maps were generated from CS patterns, showing the structural arrangement of multiple stone components within the phantom. CS analysis has the ability to detect components in the presence of many others. The ability to perform CS measurements in intact
calculi would allow for the identification of stone structures critical to patient metaprophylaxis.
Introduction
X-ray diffraction (XRD) techniques have long been used in identifying crystalline material structures (Klug and Alexander 1954) . The crystalline nature of urinary calculi suggested the application of XRD methods for their analysis and XRD has since become an established means of identifying stone composition (Prien and Frondel 1947 , Sutor and Scheidt 1968 , Uldall 1986 ). The laboratory examination of composition plays an important role in understanding formation and in devising strategies aimed at preventing recurrence (Daudon and Jungers 2004 , Smith 1998 , Kasidas et al 2004 .
While common crystalline components of urinary calculi are readily identifiable through their unique sharp-peaked XRD patterns, the low x-ray energy utilized (8 keV) provides insufficient penetration depth for most intact stones, restricting measurements to small powdered samples. Unfortunately, small powdered fragments may not adequately characterize important stone features. Most stones are comprised of several crystal types, typically deposited in concentric laminations around a nucleus (Rodgers et al 1982) . The composition of the nucleus is of particular interest as it can give insight into factors precipitating stone genesis. As stones increase in size, the probability of detecting these central components with XRD decreases. The pulverization of stone fragments also results in a loss of structural detail pertaining to the order of component deposition. Moreover, certain stone constituents may be chemically altered upon powdering (Sutor and Scheidt 1968) . As such, although XRD can characterize crystalline materials, correct composition assessment is dependent on the choice of sample and its preparation.
We are developing a technique that combines some of the discriminatory capabilities of XRD with an ability to characterize intact calculi. Our approach, based on the principles of XRD, uses a conventional diagnostic polyenergetic x-ray source (70 kVp) to overcome the need for small powdered samples. Coherent-scatter (CS) analysis is a novel technique with the ability to characterize tissues by means of their XRD properties (Westmore et al 1996) . X-ray diffraction is a special case of coherent-scatter interactions. In coherent scattering, the energy of the primary x-ray photon is first completely absorbed and then re-emitted by electrons of the scatterer at low angles (<10
• ). Because no net energy is absorbed by the scatterer, the emitted x-ray will be of equivalent energy as the incident x-ray (Leclair and Johns 1998) . Coherently scattered x-rays from multiple sites will interact and give rise to interference effects resulting in x-ray diffraction patterns characteristic of the scatterer. While scatter patterns are dependent upon atomic structure, direction of scatter is also dictated by the x-ray energy. Thus, monoenergetic beams, such as those produced by a copper (Cu) source in conventional diffractometry, are preferred. However, as discussed, such sources are of low energy and limited in their utility for practical non-destructive applications. Monoenergetic beams can also be produced by synchrotron beamlines at diagnostic energies, but such facilities are expensive and not likely accessible for routine stone analyses.
An alternative to x-ray diffractometry for stone analysis involves the utilization of a diagnostic x-ray source, capable of producing x-rays with sufficient energy to allow the measurement of XRD from extended samples. However, these sources are polyenergetic and the associated spectrum of energies incident on a sample will result in scattering within a finite scatter angular range. Thus, stone component scatter patterns acquired under polyenergetic conditions will be broadened with respect to those acquired under monoenergetic conditions. The feasibility of characterizing the atomic structure of urinary calculus components with a polyenergetic source is explored in this paper through a comparison with monoenergetic results from diffractometry. We show that it is possible to relate the polyenergetic (CS) and monoenergetic (XRD) results through a 'non-stationary' convolution operation involving a linear superposition integral of the XRD cross-section with a function representative of the polyenergetic spectrum used in CS measurements. This relationship establishes a means by which XRD and CS measurements can be directly compared.
CS analysis has shown potential to classify urinary stones based on their composition. Dawson et al (1996) first showed the potential of low-angle x-ray scatter to classify urinary stones with a system using a tungsten anode x-ray tube operating at 70 kVp and 1 mA. The detection of scatter was achieved by positioning an energy-sensitive germanium detector and multi-channel analyser at a particular angle to the incident beam. This energy-discriminating technique was shown to particularly distinguish calcium oxalate monohydrate from other stone components via differences in their scattering signatures. We have shown that an angle-discriminating method differentiates between the seven most common urinary stone components through their CS characteristics: calcium oxalate monohydrate (COM), calcium oxalate dihydrate (COD), calcium phosphate (CP), calcium phosphate dihydrate (CPD), magnesium ammonium phosphate (MAP), uric acid (UA) and cystine (CYS). This technique utilizes a 70 kVp x-ray source in conjunction with an x-ray image intensifier (XRII) to detect scatter. Here, we supply theoretical and experimental evidence, through comparisons with XRD analysis, that this differentiation between stone components using CS is dependent upon atomic structure. Correspondence with XRD analysis, a 'gold-standard' technique, proves that CS from polyenergetic x-rays can also be used to depict urinary stone composition.
With this established, we examined the possibility of making CS measurements nondestructively. This was achieved through the acquisition and analysis of tomographic images of the CS properties of a stone-mimicking phantom, containing known distributions of common stone components. The capability of our CS technique to characterize composition tomographically, where multiple key components are present, enables such measurements to be made in intact calculi.
Theory
This section describes scatter from powdered polycrystalline materials that give rise to circularly symmetric CS patterns. We provide equations relating monoenergetic to polyenergetic measurements of CS distributions. These results will be used for comparisons of theoretical scatter patterns with experimental CS measurements for common stone components, and will provide a foundation for examining more complex distributions of components.
XRD using polyenergetic x-rays
The structure of a material can be deduced from the way it diffracts a beam of x-rays. The condition governing this process, given in equation (1), is known as the Bragg relationship:
Here, λ represents the x-ray wavelength, d is the spacing between atomic planes and θ B is the angle between the Bragg plane in a material and the incident x-ray beam. Since the x-rays Table 1 . Parameters contributing to measured CS cross-section.
Parameter Equation
Detector quantum efficiency
Number of scattered x-rays per unit solid angle
are reflected from this plane, the measured scatter angle of the diffracted x-ray beam relative to the primary beam is 2θ B .
Representing equation (1) in terms of the measured angle θ and energy E, where E = hc/λ, h being Planck's constant and c the speed of light, gives
Since the Bragg relationship is dependent on the incident x-ray energy, an incident polyenergetic source (containing a finite range of energies) will lead to blurring or broadening of diffraction peaks (or equivalently, to scattering at a finite range of angles). In this way, the polyenergetic nature of the x-ray spectrum degrades the angular resolution of the experimental CS cross-section measurements.
Coherent scatter from monoenergetic and polyenergetic x-rays
The CS cross-section, a measure of the probability of scatter at any particular angle θ , is used to characterize materials. The differential CS cross-section under monoenergetic conditions (for unpolarized x-rays) is given by the product of the Thomson cross-section r 2 e 2 (1 + cos 2 θ) , where r e is the classical electron radius, and the square of the atomic form factor F (x, Z):
The form factor, F (x, Z), describing interference between scatter from different electrons in the material (Johns and Yaffe 1983) , is dependent on both the atomic number Z and the momentum transfer argument x = (1/λ) sin(θ/2) and is therefore dependent on x-ray energy. It is related to the Fourier transform of the electron charge distribution of the scatterer, characteristic of each material. CS cross-sections are thus material-specific.
Measurement of the CS cross-section. The measured CS distribution is affected by experimental parameters (detector and sample characteristics) not accounted for in equation (3). The measured CS intensity per unit solid angle dI
where α describes the quantum efficiency of the detector and G is the detector gain. Equations for these parameters are given in table 1. The quantum efficiency α will be affected by the energy-dependent linear attenuation coefficient of the detector material (cesium iodide, CsI), µ D . It is also dependent upon the interaction path length within CsI, L D , which increases as a function of scatter angle, as obliquely incident x-rays experience longer path lengths through CsI. The factor G is directly dependent on the incident x-ray energy, and scaled by W e , the energy required to release a secondary quantum, and ε, the x-ray to optical conversion efficiency (for CsI).
The number of x-rays scattered per solid angle, N/ , has been described previously (Westmore et al 1997) as the product of the number of transmitted x-rays through the sample N t , the number density of scattering centres per unit thickness n 0 , the sample thickness L and the differential coherent CS cross-section dσ coh /d from equation (3) (for a uniform sample). This is reflected in the equation for N/ given in table 1. The number of x-rays transmitted through the sample can be described by N t = N 0 exp(−µ(E)L), where N 0 is the number of x-rays incident on the sample, µ is the sample linear attenuation coefficient and L is its thickness.
Given that α, G and N t are energy-dependent functions, they assume a constant value under monoenergetic conditions. The measured monoenergetic CS distribution per solid angle (dI M /d ) can therefore be represented as
Similarly, the measured CS distribution (dI P /d ) under polyenergetic conditions quantifies scatter for energies satisfying the Bragg condition in equation (2):
The quantities dI M /d and dI P /d represent monoenergetic and polyenergetic CS measurements, respectively, in the following analysis.
Relating the monoenergetic and polyenergetic CS cross-section.
A theoretical polyenergetic CS cross-section can be estimated as a linear superposition integral of the monoenergetic XRD cross-section measurement with a function derived from the polyenergetic x-ray spectrum (Westmore et al 1996) . If both the monoenergetic XRD result and x-ray spectral shape are known, the linear superposition of these two functions allows us to predict the measured scatter intensity per solid angle for a polyenergetic beam:
where g 1 (θ ) is the monoenergetic differential CS cross-section (dσ coh (θ )/d ), weighted by a trigonometric factor T (θ):
where T (θ) arises from the definition of CS and the Bragg relationship and is equal to
The function g 2 (θ ) is derived from the normalized polyenergetic x-ray spectrum interacting in the detector (dN I (θ )/dθ) as a function of scatter angle θ inversely weighted by T (θ):
This interacting angular spectrum is derived from the x-ray energy spectrum interacting in the detector dN I (E)/dE, shown in figure 1. In terms of the theoretically calculated spectrum incident on the specimen, dN 0 (E)/dE, derived using the method of Tucker et al (1991) , the x-ray spectrum interacting in the detector is given by . Tungsten x-ray spectrum and Gd-filtered tungsten spectrum, interacting in the detector. The Gd-filtered interacting x-ray spectrum used experimentally for CS measurements is used to calculate g 2 (θ ), introduced in equation (10).
Materials and methods
In this section, we provide descriptions of the stone component samples used in experimental measurements as well as the techniques used for acquiring monoenergetic (XRD) and polyenergetic (CS) cross-sections. We outline the steps necessary to evaluate equation (7), to establish an association between monoenergetic and polyenergetic measurements. Finally, we describe how measurements based on the CS cross-section are acquired in an extended sample and utilized to identify composition.
Stone component samples
CS data was acquired for the seven most common urinary stone components: COM, COD, CP, CPD, MAP, UA and CYS. Pure chemical samples (Sigma-Aldrich Co., St. Louis, MO and Fluka Chemika, Buchs, Switzerland) were used for all components except calcium oxalate dihydrate (COD), which is unstable and not readily available in pure chemical form. The COD sample used in CS analysis came from a stone identified as pure COD (by IRS analysis). A fragment from this stone was powdered, well mixed, and multiple samples from this powder further validated to only contain COD by IRS analysis to ensure that the powder indeed represented COD only. This powder was then scanned by CS to provide the basis function for the COD component in our analysis .
Monoenergetic x-ray diffractometry measurements
Monoenergetic XRD measurements were acquired on a diffractometer (Rigaku x-ray generator) using a Cu-Kα x-ray source (8 keV). The stone component samples were placed in 0.5 mm diameter capillary tubes (Hampton Research, USA) for scanning. The diffraction patterns were captured with an area detector (Marresearch, Germany) and logged with the assistance of Linux-driven software. Each diffraction pattern was subsequently segmented into concentric annuli due to the circular symmetry. The signal in each ring is summed to give the total number of x-rays scattered and normalized by the solid angle subtended by that ring, giving dI M (θ i )/d (equation (5)), the differential scatter intensity at angle θ i corresponding to ring i. 
Polyenergetic coherent-scatter measurements
A purpose-built diagnostic XRII-based scanner, developed by our group (Westmore et al 1996, Batchelar and , is used to acquire CS images and illustrated in figure 2 . The x-rays from a diagnostic x-ray tube (tungsten anode, MAXIray prosPeed I, USA) are filtered by a 0.30 g cm −2 gadolinium filter to reduce the spectral width of the beam, thus improving the angular resolution of the measured CS cross-sections. Following this filtration, the x-rays are collimated to a 1 mm 2 pencil beam using a triple-aperture parallel-plate collimator. Low-angle scatter from the sample is monitored with a CsI XRII (Thales Electron Devices, France, W e = 18 eV, ε = 0.15, CsI thickness L D = 350 µm) and a charge-coupled device (CCD) video camera (Cohu, Poway, USA). Detection of the transmitted primary beam is achieved using a Si photodiode optically coupled through Pb glass to a Gd 2 O 2 S screen. This diode is placed directly on a 5 mm lead beamstop in front of the XRII, to subsequently absorb the transmitted beam and effectively prevent veiling glare. The signal from the CCD is digitized with a PC using a PCI frame grabber (DT3155, Data Translation, MA).
The samples from the seven stone constituents were scanned for 5 s at 70 kVp and 200 mA with our CS scanner to acquire high-quality scatter patterns of pure materials. These are used as basis functions for material decomposition analyses. The diffraction patterns are analysed in a manner similar to those obtained by diffractometry, whereby each pattern is segmented into annuli and the intensity within each ring i is integrated and normalized by the solid angle to yield dI P (θ i )/d (equation (6)).
Comparing XRD and CS measurements of stone components
In order to assess the angular degradation imposed by the polyenergetic spectrum in CS measurements, we apply equation (7) using monoenergetic XRD measurements. This will allow us to predict the magnitude of angular broadening in the scatter cross-sections due solely to spectral effects. Sections 3.4.1-3.4.3 describe the steps necessary to achieve this.
Calculating g 1 (θ ).
We first represent the experimental monoenergetic XRD crosssection as a sum of delta functions, positioned at θ i (figure 3). These delta functions are scaled by the scatter intensities recorded experimentally with XRD within each ring i ( I M,i ) and by the constant experimental parameters defined in section 2.2.1. A normalization for solid angles is then incorporated at angular positions corresponding to θ = θ i , for a total of n scatter angles. Multiplying this result by the trigonometric factor, T (θ ), calculated from equation (9) yields the function representing the monoenergetic result g 1 (θ ): 
Calculating g 2 (θ, θ ).
A superposition kernel, representing the effects of the x-ray spectral shape, is generated for each scatter angle θ in the monoenergetic XRD cross-section. The kernel must be redefined in this way since each angular value under monoenergetic conditions, θ , is representative of a particular d-spacing (defined in equation (1)). As a result, the superposition kernel is recalculated for each d-spacing value and is therefore 'nonstationary'. This function, g 2 (θ ), is defined in equation (10).
Evaluating the spectrum at wavelengths satisfying the Bragg condition and deducing dE/dθ from equation (2) defines the superposition kernel for particular d-spacings by
The d-spacings in equation (13) are dictated by the corresponding monoenergetic angular XRD measurement (defined over the range θ ) at energy E M = 8 keV through equation (2), where
Evaluating equation (13) at these particular values of d yields the superposition kernel for all angles θ defined in the monoenergetic XRD spectrum:
The energy-dependent mass attenuation coefficients were obtained from the National Institute of Standards and Technology (Hubbel and Seltzer 1999 ) and the energy-dependent factors weighting the energy spectrum, as described in equation (11), were computed. Figure 4 illustrates one such kernel for a given monoenergetic XRD scatter angle θ .
Evaluating dI P (θ )/d
. The calculation of the linear superposition of g 1 (θ ) and g 2 (θ, θ ), performed using MATLAB (Mathworks Inc., MA), yields a prediction of the polyenergetic scatter distributions per unit solid angle. This calculated quantity is then compared to the measured experimental CS cross-section to demonstrate the sensitivity of polyenergetic CS measurements to atomic structure. 
Non-destructive analysis of stone components
Having established the suitability of CS analysis to differentiate between stone components, we examine the possibility of making CS measurements tomographically, as is required for identifying the structural arrangement of components. The theory behind this method has been described previously (Westmore et al 1997, Batchelar and , and is based on a method described by Harding et al (1985) . A stone-mimicking phantom is imaged using the coherent-scatter computed tomographic (CSCT) technique to demonstrate the potential of CS analysis in identifying multiple components non-destructively. The phantom contained known distributions of common stone components. Eight 0.5 cm cylindrical voids were created in a 2.5 cm solid polymethyl methacrylate (PMMA) cylinder. Seven of the voids around the periphery were filled with powdered pure chemical stone components (COM, COD, CP, CPD, MAP, UA and CYS) and the remaining central void filled with a mixture of COM and CP, to qualitatively demonstrate identification of areas of mixed composition. The phantom was continuously translated during a 2.4 s exposure (70 kVp, 200 mA). Diffraction patterns were acquired at 70 positions in each of the 90 angular views. CSCT images were reconstructed using filtered back-projection (Huesman et al 1977) and component-specific images were generated with the use of our chemical reference library through a non-negative least squares regression (Lawson and Hanson 1974) .
Results

Monoenergetic and polyenergetic cross-sections
The monoenergetic XRD and polyenergetic CS patterns for the seven most common urinary stone components are displayed in figure 5 . A broadening of diffraction rings is seen in CS patterns, as a result of the polyenergetic x-ray source used to make the measurements. The associated scatter cross-sections for XRD (dI M /d ) and CS (dI P /d ) for these same stone components are shown on the same scale for comparison in figure 6 . The cross-sections under both monoenergetic and polyenergetic conditions exhibit characteristic peaks, making each a unique identifier of stone components. Although these polyenergetic cross-sections do not reveal as much structural detail as does XRD, the alignment of diffraction peaks indicates that similar atomic structure is probed and characterized with both techniques. Differences in characterizations at small angles (θ < ∼1.6
• ) are expected. The lead beamstop used in our CS ( experimental setup will absorb scatter at these angles due to its dimensions. Although crosssection features will be missed at small angles as a consequence (as seen in figures 6(b) and (c)), scatter occurring in this range is virtually indistinguishable from the primary transmitted beam and would be difficult to characterize.
Relating monoenergetic and polyenergetic cross-sections
The predicted polyenergetic curves of scatter intensity per unit solid angle, dI P /d , calculated from each stone component XRD cross-section measurement are shown on the same axes as the associated CS measurement in figure 7 . The agreement seen between the theoretical and experimental polyenergetic results indicate that similarly to XRD, CS is sensitive to atomic structure and exhibits angular broadening primarily due to the energy spectrum of the diagnostic x-ray source. Although key diffraction features exhibit striking similarities, residual angular uncertainty remains in the predicted polyenergetic cross-sections. A number of factors including object size, x-ray beam width, geometric XRII distortions and width of annular rings used to generate the CS cross-section (in which diffraction signal is integrated) contribute to these discrepancies. These effects are discussed in length by Westmore et al (1996) and shown to be small in comparison to the x-ray source spectral width, and are thus not discussed here. ( 
Demonstration of the potential of CS analysis for non-destructive stone imaging
The material-specific maps of the stone-mimicking phantom in figure 8, generated from CS signals, show the spatial arrangement of its constituents. This demonstrates that each component can be accurately separated in the presence of others. Identification of mixtures is also possible. The mixture of COM/CP in the centre portion of the phantom was recognized by CSCT composition analysis and shown qualitatively in figures 8(c) and (e).
Discussion
While x-ray diffraction has been established as a laboratory gold standard in assessing urinary stone composition, it lacks the ability to do so in intact samples. The loss of structural information limits the breadth of information available to the urologist with respect to stone formation, treatment and follow-up. This encourages the development of a technique possessing the ability to discriminate stone components non-destructively. This paper describes an XRD-based method to examine the composition of intact samples through measures of the CS cross-section from diagnostic x-rays. CS analysis has been shown to distinguish between the seven most common urinary stone components in pure chemical form by means of their distinct scatter patterns . Identification of these components was confirmed here through diffractometry. The similarities between the blurred diffractometry and experimentally acquired CS data make it possible to relate monoenergetic and polyenergetic cross-sections through the linear superposition integral given in equation (7). This agreement provides a direct confirmation that CS results are indeed sensitive to urinary stone component structure, similar to conventional XRD analyses. Such a confirmation demonstrates that CS analysis can be used as a basis for classifying urinary calculi by composition.
CS measurements for different stone materials, although blurred with respect to those obtained by XRD, show adequate structure to allow for their differentiation. This suggests that a monoenergetic beam is not strictly required for the depiction of pure stone components. However, the finer details available in component cross-sections under monoenergetic conditions enhance material separability in a composite stone sample. In polyenergetic measurements, refinement of cross-section details can only be achieved by manipulating the x-ray energy spectrum, since angular broadening is primarily a consequence of the spectral width of the x-ray source. It may be possible to reduce the spectral width of the incident beam with the implementation of a Bragg monochromator to the CS setup. Such monochromators contain highly oriented structures (e.g. high-purity pyrolytic graphite, germanium and silicon) to efficiently diffract x-rays only at angles satisfying the Bragg relation (equation (2)). The regularly spaced crystal planes of the monochromator 'select' specific wavelengths (or energies) from an incident polyenergetic beam. This preference for x-rays at particular energies satisfying the Bragg relationship indicates that a reduction in the spectral width of the incident beam can be achieved. Sharper CS patterns would result from this quasimonoenergetic beam. Therefore, this should enhance the characterization of urinary stones, as more distinctive scatter rings will be obtained. Spectral width reduction can also be achieved through the use of spectral filters. The current CS system employs a gadolinium spectral shaping filter (K-edge at ∼50 keV) which effectively reduces the spectral width incident on the specimen from 27% (with no filter) to 14% root mean square.
Although angular blurring can be reduced in practice through the use of various devices (monochromators and filters), the added instrumentation required for implementation may be inconvenient or impractical. Alternatively, a post-processing data analysis technique, aiming to isolate the spectral effects of the polyenergetic source from experimental CS measurements could possibly be developed. The fact that the spectral shape can be used to predict a material's polyenergetic cross-section from its monoenergetic counterpart through convolution encourages the pursuit of techniques capable performing the 'reverse' operation (i.e. deconvolution). This may allow us to extract spectral information from polyenergetic cross-section measurements to yield quasi-monoenergetic results. This approach is complicated since it must have the ability to deconvolve a non-stationary spectral-shape kernel. However, iterative algorithms for deconvolution, such as those based on a maximum likelihood 'expectation maximization' (McLachlan and Krishnan 1997) , may allow such an estimation of quasi-monoenergetic CS cross-sections. The ability to obtain spectral shape information from a polyenergetic cross-sections should allow near-XRD-quality results to be generated with a diagnostic beam.
Another approach would be to use monoenergetic synchrotron radiation. Although material discrimination would likely improve, limited accessibility to synchrotron beamlines makes such analyses impractical. CS analysis, as described here, reflects a balance between angular resolution and ease of access for the study of intact calculi.
The potential of identifying stone components non-destructively was demonstrated from a tomographic CS analysis of a stone-mimicking phantom. Tomographic composition maps were generated, showing the structural arrangement of multiple stone components within the phantom. This analysis has the ability to detect components in the presence of others and thus can characterize stones of mixed composition. The quantification of components is possible due to the linear relationship existing between CS signal and component concentration (Davidson et al 2002) . However, a lower component identification limit will be imposed by the signal-to-noise ratio (SNR) of its cross-section. While this SNR has been shown to depend on material characteristics and photon counting statistics , its impact on detectability has not been investigated. More detailed studies are underway to quantify each stone material's limit of detection both in isolation and in the presence of other components. These studies will allow us to establish detectability criteria, when dealing with small quantities of each particular stone component.
The ability to perform CS measurements in intact calculi will allow for the identification of stone structures critical to patient metaprophylaxis. The identification of key structural features such as a stone's nucleus and the arrangement of peripheral layers can provide insights into the causes of formation and growth, and aid in devising appropriate treatment regimens.
Conclusions
We have shown that the most common urinary stone components (COM, COD, CP, CPD, MAP, UA and CYS) can be characterized through their diffraction signatures using monoenergetic (XRD) and polyenergetic (CS) x-rays. In particular,
(1) we have confirmed the sensitivity of CS analysis to stone component atomic structure through comparison with gold-standard monoenergetic XRD measurements; (2) we have demonstrated the non-destructive potential of CS from diagnostic x-rays to characterize multiple stone components in an intact specimen.
These confirmations will allow for an examination of more complicated, clinically relevant intact urinary stones and fuel the pursuit of spectral width reduction in CS applications, such that near-XRD-quality stone composition information would be available clinically.
